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ABSTRACT Hie iii6CliAiif8B6 Isy wlilch cellB mglO^ po- 
lirSze lo the dliTCtiDii of exteraal tlgnals are not luidcrstood. 
HiAper T cells, when contacted b$ m mt^'^rt^toXbo^ cell, 
polarUe their cytoskeletanB toward the uitiBeii-preAeiittQg cell 
within mlnvtefl. Here we show that, hi T oells, tho mamiodtian 
Sflff-relatcd CTPase CD€>I2 (the honologne of TWJt GDC!42, 
a proteb involved in budding polarity) can retolate the 
polarteatloii of both actin and mkrotnbules toward antigen- 
presenUng cells bnt is not involved In Other T-«ell signaling 
procesfies such as those whkh cnlmlnatc in interleukin 2 
production. AlAough T-cell polarization appears diipenflable 
fbr fiigBoling leadtng to lnt«rleuldn 2 production, palarization 
may direct lymphoUne secretion towards the comet ontlgen- 
proscn^g cell In a crowded cdlalar envlroniDciitf Inhibitor 
esperlmcnts suggest that pbosphati^yiiiMnHol 34dMase is 
reqntred (br cytoskeletal polarlaation but that caldneurin 
actSvityp hnown to be important Cor other aspects of sigoalluft 
1b not Apparent conservation of CP C42 ftmctjon between 
yeast and T cells ^uggecti that tUs GIPaaa is a ^neral 
ifgulator of eytoslGeletal pohirily lA maqy ceil types. 

How coils polarize their contents in response to a gradient nf 
eicternal aignai is not understood. In yeasty the CDC42 gene is 
rcqotied for establisUng an axis of polarity during vegetative 
division ^ budding (l, 2). CDC42 encodos a Ras^elated 
OTPase wbldb assembles at the sito of bud fDrmation, toward 
which the cytosfceletott polariacs (2, 3). Yeast cfiUs mutant for 
CDC4i cannot fiorm a ond because they cannot restrict dell 
surface growth to the bud sito (1), UndeHytog this targeting 
defSpct, the actin cytosfceleton is not polarized. A human 
GDC42 ptotein, 61% identical to the yeast CDC42, is known 
(4^ S), Hie escperimentspcosented in this paper investigate the 
role of human CDC42 OTPase in the cytodteletal polarisation 
of T cells toward antigen-presenting cells. 

Polarization of helper T cells toward antigen-presenting 
cells, as mediated by the interactioa of the T-ooll antigen 
receptor with antigen bound to proteins encoded tho m^or 
histocompatibilitv complex, is an example of cell polarinr that 
is rapidlv hiduoed in the direction of an external ugoal (d-n* 
IntBTBotion between helper T oells and antigen-presenting ceQs 
is part of the fkmdamental reguhtioo of the immune r^ponse. 
Upon contact between an anngeu'^resenting cell and a helper 
T cell a tight interface forms Mtwccn the two ceDs, and the 
T ceUpolarises its cytoskeleton toward the antigen^presenting 
cell (<^--Q« Much is known about (he signaling which occurs in 
the T coU in response to antigen presentation (9); however, 
how this signaling eontrols polarization of tho cytoskeloton is 
not known. 

METHODS AND MATERULS 

Gell lines^ Growth Medhnn^ and bhihitor Itetments. 
Murine 2&4 T-cell hybridomas and Cii27 B-oell lymphomas 

lbs publitttkn eosb af tUs 9>iidQ wbiv dofrayBd in part by p«ge disxge 
psyment. This Biticle mnu Uierefbre be here^ marked **admtiMmmr In 
fififiCidsiKfifi with IS U.SjQ (1734 teAtSiS lo iiMiesM tint &fit* 



were grown in standard medium [RFMI 1640/10% fetal 
bovine serum (Hycione)/50 \m 2<mercaptoothanol soppte- 
mentol with penidllit^ streptomycin, and glutamine; rsr, 101. 
Where inhibitors wore used, T cells were pietreatcd for 20 min 
prior to mixing, and the inhibitor was present during hicuba- 
tion with antigen-<presenting cells. Afi a control for nonspecific 
effects on viability, t)ie antigen-presantiog cells were pre- 
treated with wortmannin; when fiiis pretroatment was per- 
formed, T-oell polarization still ocourred. 

Constructs and nnnsfbcttons* A two^tep polvmerase chain 
resction was used to generate two point mutations in human 
CDC42 (11). Mutagenic primers were C12V (Oly^^Val 
mutation), 5'-ACCAACAQCCAGATCQCCCA-3', and 
D57Y (Asp^^-^Tyr mutation), S'-TCTTGOACTTTTT- 
TATACXYKAOOO-S'. Flanking primers wer« S'-COO; 
{2A3X£CCOGTCK}AGAAOCn>3^ (on the 5' flank) and 
Sf-CQ OAATTCQ QCTCTQGAiaAQATQ-S' (on the V 
flank). Mutant and wild«type products wm bgatad into 
pcDNA3 (Invitrogen) Via fh^BarOXL/EcoTCL aites underlhiBd. 
Sequenee an^fris cooSrmed the predicted mutations^ 

To generate stable transfoctants, 10 ;ig of each construct 
and vector control were linearized with Pvu I and purified. 
Fhipnent and 10 |ig of cairierroiAwere added to IX 10^ 2B4 
ceUs hi Hanks' balanced salt solution (12). Mixoires were 
electroporated (13) and allquoted Into 96*weu culture dishes to 
ensure independent origins of dones isolated. After 24 hr, 
0418 (1 mg/ml; QIPCX?/BRL) was added to select for 
transfectant clones* Ten days later, (MlS^tsistant wdb 
per plate were observed, suggesting that chines were derived 
trom single cells. No G418-resistant dones were observed widi 
carrier DNA alone. Twelve 0418-resistant dones were ssved 
fbr each allele in each of two separate transfecdons. 

Stlmuiationfl, ImmunofluoresocDoe^ and Scoring Methods* 
Goitfugation/BtimulatiQn and immnnofluorescedce were pe^ 
formed essentiaDy as described (7| 8). IVventy minutes after 
ml»Qg of the T cells with antigen-presentiog oells, samples weie 
fited (3.7% formaldehyde, 40 min, room temperature), The cells 
were washed (pho$^t»-bu^ced saline plus 0.1% bovine serum 
albumin, pH 6J) and permeabttized (10 mio, ai mM TVdtno 
X-lOO). Miqntubulefl Were labeled wim rat anti-tubuUn mono- 
donal antibcKiy (YOU /34; Aocuratc AntibodiQ8» Wcstintry, NY) 
foUowed by fhiorescetn-conjugated goat anti-rat tgO (lacbson 
ImmunoRcseardi). CH27 anttgouipiesenth^ ocOs were surfkoe- 
labded with fluorescein^zdugated goat and-oouse IgO f Jadt 
son ImmuttoResearbb); F-^actin was labeled widi 33 nM rnnda- 
minfrphaliotdin (Mblomlar Probes) (14). 

Meaanrement of IniarleoMn 2 QM) Prodnctton. Stimula^ 
lions and measuromeint of 11^2 production by transfectant 
dones were performed hy standard methods (10, 15). 

RESULTS 

T-ceU polarizatton can bo studied with a T-cell faybridoma 
(2B4) and a B-<9b11 lymphoma (QK27) presenting an appro- 

AbbreytatloBs: lL-2, interleiAin 2| vu pboppbatidylioosilol. 
'To whom repdnt nqueats stumld be addressed. 
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FlO« 1. Microtubuk-organuixiB-center position in wild-type and mutant T ceUs csoopled to antlgBn-presentbfl ccUs. (rtf and B) UntAnsfeeted 
T cells witb mxorotutulc-oxpnizing ceatcn polarized. (C and D) CDC42°f^^'^zat£BCtM 2B4 T ceHs eidubitiiia a defba in naciottttiilo^nnisiing^ 
center polarisation. ^ and c show indirect immtmof luoresccnco of mierotubuJes with antiscii-presentjjid ccm evidedt from eeU surlaoe labdlog. 
B and i> Aow differential {aterffirence amtrast inng^ of the same eelb as So>l and C. All panels are oriented with the T ceil to tlie left (Bar 
e 15 Mnu) 



piiata antigen (6-8). Within 20 min of combiakig these two 
oeU typcSf 90% of those T coUs that have bound to anUgea^ 
preaonting oells poUrfzc their mlerotiibulo»org&nisdng ocmcts 
to be a4|acent to the BRttgen-presentliig cell (Fig, lA and B) 
and eochUiit a concentration of polymerized actin beneath the 
plAsma membfane at the site oz contact (see Fig. % B and C). 

To investigate the role of CDCM2 in the polanzed responde 
of T ceilfl, we examined the polarization ptopertxea of T celU 
traosfected with two alleles of CDC42 predicted to interfere 
with the functioning of the endogeneous CDC42. CDC420^^^ 
is predicted to produce a CDC42 protein defteottve Cor GT? 
hydrolysis and. therefore, locked in the OTP-bound conform 
mation (16, 17). CZ>C42'^ is predicted to produce a CDC42 
protein lodced hi a conformation mimicking the ODP*bound 
fomu the same mutation in RAS produces a potent dominan^ 
negative effect by sequestering its ODP-OTP exchange factor 
(IB). Both allelea and wild-type CDC42 (estpressed firam the 



conatittithre cytom^aIovitD8 ptomottt) stably trans* 
fected into tfie nui&e 2B4 T'CeU hybiidomB. All three con- 
BtructA and vector control yielded a'roilar munhers of stable 
transfectant clones with indlstii^guishable growth rates (LS, 
and D,Yn unpublished data). Urns, the expression of mutant 
CDC42 alleles, in this contcxtt did not Interfere with ceU 
growth or division* Tranafected CDC42 alleles were expressed 
at leveU 2^ to 5^fold above endogenous CDC42, as estimated 
by Western blot analyst with aome variation among doses 
(LiSti unpublished data). 

Mutant and control Teells were mind with antSgen-presondng 
odlsy andi after a 2(knln incobationy the positions of the sncro- 
tubute-organiziog centers wi^ the T oeHs were scored. All 
vedoz^-alone and wikNype CDC^ dones oriented their mao^ 
tubule-organizing centers toward antigen-presenting cells witii 
effidendes similar to untxansfiKtedT oells CHgi MandA Rg. 
2B), In eontrast* aU CPC^'^and CPC^a^fllones emiined 
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FlO. X Disruption of miGrotubule-organiaag-center polarization in T cells expressing mutant alleles of CDC42. («4) Scoring thepostlion of the 
tAiCEOtubule^organizing center. The position was scored by dividing the T odl into £Dur sections of equal width and ass^gnhig a 1» 2, 3i or 4 based 
on the leeatfen of the mierotubnIe-organizSng center relative to the antigen^senting cad. In wnd-type 2B4 ee]t«, the mSantidrale'^HganiAiigeeater 
is predominantly in region 1 directly adjaeent to the antigen-presentutig edl— a polarised response. Only 284 edls that were eou|fle4 to a sSngle 
GH27 cell were scored, (fi) Summary of m{eronibule-aiganiz(n9«Bitter podtkxia Sn wlld4ype (Wt) and CDC42pmutant dooes. Bach lane 
eorresponds to an independent done. For each clone, two in^epeodeat stimulations (•^loo eouplca scored fer cadi stimulation) were aweragcd. 
For untransfieeted ZB4 ceUs, 1036 oouptes were soared. 
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FlO. 3. BCfm of mutant CDC42 aUeJey on uda oiganlzadon, (A) Esuaaplo^ of actio localisation ns unstimulated 2B4 T celb* This resting 
distcibution was not altered in eelU eiipreBsiDg either mutant allele of CDC42> (Vi^) Focal plane Uliutrating the network of membrane-associated 
actin. (Umr) Focal plane Ulu»tratinB the agsrogate of oytoplasmic aetin* (fi) Examples of filamentmis actfn at the bter^ between the T cell 
and the antteen-presenting «eU. P) Lafifc oT aetin teorganizatlon in C2)C^2°'"'-eqqircsaing cells upon enconntering an antigoB-piesentiflg eell 
(CDC^'^KeotpressIng oells aro identical in appearanee). (C and D) Antlgen-presentiqg cans identified fay cell suxfacB iabelhi^ 



were defbotive in polarizing thoir microtubule-orgamzing centers 
toward antigen-presentins CDC43P^^^ diOTJBA exhibited 

randomly positioned mJorotubulfi-organizi^g centciB whoo oou» 
pled to antisen-presenting cell$ (Fig, 1 C and Z>; Fig. 2^4 and£). 
lHo CDOtf^^^done s e adit W ted a ataflgr, but slightly leas sgyere^ 
defect (Fig. IB), 

Actin polarization waa also disn»ted in the CDC42 mutant 
eoll traoBfeetnats. In unstimulnted T celJsi mut^t CDC42 had 
no effect upon the actin distribution, which appeared as a 
cordcal zneshwork and a cytoplasmic concentration in the 
vicinity of the naicrotubulc-ofganbdng center (Fig. 3^). How- 
ever» me actin disbribution in stimulated cells was affected by 
the CDC42 mutant alleles. In 90% of wild-type T eons coupled 
to antigen-presenting cellfi, po^erized actin accumulated at 
the interface with the antlgen^pesenting celt (Fig. 3 A and C). 
Bitpression of eitbor mutant allele greatly reduced the nimiber 
of T colls exhibiting polarized actb (Table 1); most showed no 
polarised actin assembly (Pig. 3 D and £), The number of 
mutant cells showing actin potari2ation ( 15*20^) is likely Co be 
an overestimate because actin polarization in the antigen^ 
presenting cell sometimes produced an interfering fluores- 
cence signal when unclear, T cells were scored aa polarized. 

To test the effects of preventing polarizatian upon signaling 
within the T cell, VU2 production oy T-coll transfbctants was 

Table 1. Effects of CDC42 alleles and seating InhibSton on afitbi 
polarization in 234 cells 



Ttanaflormation or 


%of eeli 


eonples 


treatment 


Polarized 


Dlflkise 


GZ)IW allele 






None 


86 


14 


Vector 


94 


6 




15 


85 




21 


79 


Cell treatment 






Dimethyl sulfoxide 


92 


8 


Woitmannin (100 nM) 


0 


100 


FKd06 (100 nM) 


91 


9 


ftapamyein (100 nM) 


93 


7 



Covpled T cells were scored aa to whether an accumulation of aetio 
was ^ible at the interiiiee with the antigeo-presentiog celL Several 
dones of each mutant allele were scored and data were averaged. 



measured (D.Y., unpublished data). All stable clones (except 
one CDC429^'^ and one CDC42°^ clone; not Snchided (n 
data presented) produced IL-2 at levels comparablo to conuol 
ocUa in response to antigen-presenting cells, None of the clones 
produced deteotabie IL*2 in the absence of antisen presentap 
tion. Thus, signaling leading to transcription of the tir2 gene 
occurred in the apparent absence of cytt>8keletal polarization. 

We therefore examined whether moleculea known to be 
required fbr signaling to the nucleus were recjuired for polar- 
ization. As presented in Ftg« 4 and TWe 1» inhibitors of 
calcineurin (FK506; re£ 19) and of the S6 kinase pathway 
(rapamydn? refs 20-22) had no effect on T-eeli polarization. 
Wortmannte, an inhibitor of phosphaticiyhnositol (PI) 3-ki- 
nase (23), abolished eytoskeletal polarization. Thus, cal- 
dneunn and the S6 kinase pathway are dispensable for cy- 
toskdetal polarization, but PI S^kinase appears to be required. 

DISCUSSION 

The data demonstrate that both coostitutiveljr active and 
dominant negative allolea of CDC42 prevent eytoskeletal 
polarizatian of T oells. These efSects can be explamed by the 
hraothesis that, in wild-type T eelbi CDC42 is converted to its 
OTP'bound form specifically at the site of contaet with the 
antigen-presentii^ coll Q^ig. &4>^ situation that is prevented 
by expression of either matant CDC42 allele (Pig, 5P and C). 
In wild-type T cells. CDC42 activation at the interf^ coukl 
occur if a ODP^STP exchange activity within the T eell were 
eoaceotrated in tUs region tn response to a transmembrane 
receptor such as the T^eeU antigen receptor. Spatially re- 
stricted, active OTB-bound CDCil would then promote ey* 
toskdetal assembly at the interthce via the reemitment of 
microtubule-eapture and acdn^sudeation sites. 

The efiEocts of the different CDC42 mutant alle1» can be 
explained as follows: CDG42°^^ (predicted to be constitu- 
tively OTP-bound; ret 16; Fig. S0) may provide a constitutive 
signal that masks the activation of endc^enons CDC42, re* 
salting in a polarization defect. CDC42^^ most Ulxly se- 
questers its guanine nucleotide exchange factor so that it 
cannot actwate endogenous CDG42 in response to ceU-eeU 
signaling (ref. Ig; Fig, SC), CDC42'^^"ex^es8ing cells mi^ 
alKiw a less severe defect than the CX>C^2^'^-expressing cells 
because sequestration of the exchange factor is not complete* 



PA(^28/4$'RCVDATn78:1i:52PM [Eastern Daylight Tiine]'SVR:USPTO{F^^^^ 



AUG. 2.2007 5:26PM TTC-Pfi 650-326-2422 NO. 689 P. 29 



S030 Cell Biology: Stowers ei at 



FrocNadAcadScL VSA92(199S) 



poanoN OP MicRcmeuiH oroani23n« csmn (sroTOR numsefq 






Fio. 4. WteUi of inmbitoa of signaling on cvboikfiletal polariBatiuii. (4) Effects of ivortmaswio (WM), FK506, nod xopunydn (RAP) on 
mlootobnlfi^iiganising-eeDtBc poaltloii. DM50, duoetliyl fiiilmacide (advent te delivay of inhiblloxB). w Mtenstubnlfi-orgiinBit^oUtf posttioa 
Id worttnannla-trBated T wlb eooptod to ftucSstn-pxesAating ee]]& (L^ Mierandnileii Sorfseo labeiiog of the aatiigonppmeiitiqg ceH QU^) 
WimnM itttorfbftiMe oootiBst inafle of the umo cdk ((3f Actin dbmufkm b vnitmuniiD-trBated T oelli oouplod to antifUhpiemtiitt cells* 
tf.^) FSIamentniis oetin. Surfics labeling of the inqgea-piemtufi cell. Panels ia ^ and C aie criemed with tbA T to the IdL 



allowing some endogenous CDC42 to Do activatod at the 
tatcT&oe with the antigei^xc&entlDg cell- 

During tho course of these eipeximeDtSy ail impor^nt 
consideration has been whether tho effects of the dominant 
alleles of CDC42 reflect Cho oormal fimetion of CDC42 or aio 
due to interference with some other pathway, such as those 
governed by other OTPasea sydi as Ras, RhOi or lUe* Several 
lifles of evidence^ enumerated below, strong)^ argue that the 
of jEictfts of the mutant alleles are spedfio and r efleet the normal 
role of CDC4Z (0 ^presston of the alleles of CDC42 bad no 
effiect on growth rate» viability, or coupling efHcienQr between 
T cells and antigen^presentinjg cells; therefore* expression of 
the mutant alleles of CDC42 did not interfere with basic T-eell 
fuQOtiOAf Signalings wh as that which culminates in 11^2 
production and which involves Has GTPase, appoared normal 
b the CDC42 mutant cells. Qu) Hie mutant alleles of CDC42 
were overeapressed to a modest octent (2- to 5461d)i Gonflid- 
ering the afiSnity of proteins for their normal targets, rather 
than heteiologous targets, we think it unlikely that modest 
overexpreasion In^propriately affects other pathways. (^) 
Ihe observation that two alleles, which interfere different 
mechanisms, spedficaUy prevent the same process argues 
strongly that CD042 is normally involved Sn this process. The 
possibili^ that two meehanistically different alleles inappro- 
priate^ affect Che same heterdlogoua pathway is remote, (i^) 



A Wild type 





Hie effects of mutant allelea of CDC42 are qualitatively 
distinct ftom those reported lor shnOar all^ Of the related 
GTFase8RacandRho<24v2S). (vAFlnally^expccsaiDn of these 
mutant alleles of mftnimalian CoC42 in yeast produced the 
predicted phenotypea for related alleles of yeast CDC^, but 
not the phenotypea of RHO mutants of yeast O^S., unpub* 
lished dataX Althongh the pos^biltty that the effects seen for 
expression of dominant aiileles of CDC42 are nonspeafie 
oaaaot be eliminated with eerulnty, the sum of the evidence 
presented strong^ siq^ports the conchision that CD042 is 
normally involved in regulatiQg .the orientatfon of a» of 
polarity in T ceHs, 

How does signaling control the polarization of the cytoskel" 
eton? Tlie observation that CDC42 mutant cells defective fdr 
polarizatiou are able to prodnco ILr2 soggests that €2X342 and 
cytoskeletal polarization may be controlled by a specialised 
patira^ of signaling. Bvidently, this pathway does not to c hid e 
caldneurln, which modulates signaling resulting in acdvation 
of the IL-2 gene (19), or the S6 kinase pathway, which 
modulates responses of the T cell to lL-2 (20-22). Fl 3*kinase, 
however, la required for polarization of the cyio^leton. PI 
^kinase is one of sevEra! lipid kinascx identiflfid, which are 
potendalty invdved in signal transduction, but whose exact 
role is unclear. PI 3-khiBse is oon^osed of two subimitsi p8S, 
a regulatoiy subunit, and plIQ, a catalytle aubunit Hie 



PIX3, 5. A hypothesis to explain hov GD042 geveins die orfentatkni of cdl palanw. gee ten for disenssien. 
CoC^'^^-expxesdbig cells, (p) CDC42P^^eafimaUtg cells, i-, OTPteDod GD042; QDP-bound GD042; r — ^' 
antigeihpiesentiAg eeU; sirav, ayf s of poMly. 




Wtld4ype T cells. <l?) 
ceUiTceDsshsdcdeeU, 
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reqairement for PI 3^klz3Eise i» particol^ly interesting since 
GDC42 has been reported to internet with p85 through a 
domain with simOanty to GTPase-activating proteins (2o). 

The observation that polarisation ct the T cell is dispensable 
fbr signaling to the nndeus and activation of transcnpllon of 
the IL-2 gene raises the Issue of the role of (^skeletal 
polarizatioii ui communication between tlw T cell and antigBn- 
presenting cell Although it Is possible that the behavior azthis 
T-ceU bybridoma does not reflect the behavior of T eeUs In 
vtvot it id worth eon$idenng the possibili^ that polarfaatlon of 
the T oell, instead of being involved in vecelvinA a dgoali is 
reoulred fbr sending signals m the oorzeet dsectiom 1*^* 
pobrization may testriot the deUvery of seczeted ^phokines 
to the ^pfQpriate antigen^prewting cdl, but not neuby eeUs 
(8). Ensnring that comnnmiQatlanoecuiB only between tiieTceil 
and the appropriate antisen-pfesentiogcen 
tam fbr maintafaiing the specificity of the xDumme response. 

Our experiments support the conclusion that CD042 is 
involved to pokuiriDg the cytoslceletons of the T cells in the 
direction of an external signal^ the antigen-presenting cefl. 
FtevlouB work has Bhowit that the related GTFases Rho and 
lUc govern die Binietiire of polymeriaed aetia (Sims fibers or 
ruffles; xef^ 24 and 25), but not the overall orientatkin of the 
actin qrtDskeleton. In contiasti expression of mutant CDC42 
prevented redtetdhution of actln from a eortical meshwork Co 
a tightbandat theTcetl/antigen-presentSngcell inter&ce. Our 
observations also show that CDC42 affiscts the oiientation of 
the mxaotubule pytoskeleton* To date^ the related GrPases 
Rho» Rac, and yeast CDC42 have been reported to affict only 
aetin oiganiration. Functional coilfBervation of CDC42 be- 
tween veast and mammals, as well as the oeptession of CDC42 
in aO ttssues examioed to date (4, 5X suggests that CDC42 may 
govern a wkle variety of polarized coUidar behaviors sudi as 
axonal outgrowdi (2^» polarization of epithelial cells* and cell 
m^grationSt 
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lab memben ftn enctmragement; IL-P, Moore, S. Schrelber, and S. 
Bunnetl for advice; L O&ntley for odvtoe pad wertmannSa; R. Cerione 
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